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Abstract 
Coal liquefaction is a process of converting solid coal into liquid form at high temperature and pressure with the role 
of solvent as hydrogen donor. Tetralin is the common solvent used in this process; however its high cost made it less 
favourable to be utilised in industrial field. Moreover, mainly high aromatic compounds were observed in the oil 
produced.  Therefore, introducing a less expensive solvent for coal liquefaction process is very encouraging in order 
to reduce the operational cost involves. The aim of this work is to investigate the potential use of mixed tetralin-
glycerol as solvent on liquefaction of Mukah Balingian (MB) coal in a batchwise reactor system. Solvent ratio of 
tetralin-glycerol, liquefaction temperature and reaction time were varied to evaluate their effect on percent of coal 
conversion and oil yield. Apparently, the results obtained showed that the maximum coal conversion was obtained at 
70:30 tetralin-glycerol mixed ratio regardless of reaction time with the value over 70%, whereas the highest percent 
of oil yield at ca. 50% was produced with 80:20 tetralin-glycerol mixed. Interestingly, GC-MS analysis of oil 
produced with mixed solvent showed mainly the presence of alkanes and alcohols which was not obtainable by using 
tetralin or glycerol alone as solvent. 
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1. Introduction 
Coal liquefaction is one of the promising processes for clean and effective utilization of coal [1]. 
Countless of research has been done regarding coal liquefaction with the intention to increase percent of 
coal conversion thus increasing oil-and-gas yield [1-16]. Solvent plays important role during coal 
liquefaction in order to stabilize the free radicals by donating hydrogen. Moreover, the presence of 
solvent also helps in promoting the cracking of coal structure [2] and diluting the intermediates in order to 
prevent from the condensation and coking of the radicals [3]. Solvent with hydrogen donor properties is 
of choice for coal liquefaction process. Conventional coal liquefaction process involves the usage of 
tetralin as solvent since it is one of the most convenient solvents for coal liquefaction experiments for its 
excellent hydrogen donating ability. Additionally, most of products from coal liquefaction were soluble in 
tetralin [2]. However, the high price of tetralin has limit its utilization in industry, and substitutes with 
relatively cheap solvents have been of great demand. 
Apart from tetralin, other solvents such as toluene, ethanol as well as toluene-ethanol, toluene-tetralin, 
ethanol-tetralin solvent mixtures [4], wash-oil from coal tar and cycle oil from coal liquefaction [5] have 
been studied in order to seek potential solvent to replace the expensive tetralin. However, results obtained 
thus far showed that tetralin produced the highest coal conversion and oil yield. This makes tetralin 
always become the solvent of choice for coal liquefaction. Previous study on liquefaction of Mukah 
Balingian low rank coal has utilized tetralin [6] as well as mixed tetralin-water [7] as liquefaction 
medium. The results showed that a high coal conversion and oil+gas yield were achieved using the mixed 
solvent, though the yield was slightly lower than that of tetralin. 
Glycerol is a trivalent alcohol widely used in pharmaceutical, food, cosmetic and chemical industries 
[8]. With recent production of alternative energy resources that has increased tremendously, glycerol is 
being produced as by-product from production of biodiesel. Glycerol produced from the biodiesel 
production can be used for variety of processes including for syngas production and utilization of 
automotive fuel [8]. Recent study has pointed out that glycerol is a good hydrogen donor solvent in 
catalytic transfer hydrogenation-dehydrogenation reaction [9]. Based on this finding, adding to lower cost 
of glycerol, this solvent has a promising potential to be used as a medium in coal liquefaction process. 
Thus far, the used of mixed tetralin-glycerol solvent in direct coal liquefaction process has not yet been 
reported. 
In this study, glycerol was used as mixed solvent with tetralin in liquefaction of Mukah Balingian low 
rank coal.  It is hopeful that the usage of mixed tetralin-glycerol in coal liquefaction would allow 
elucidation of new compounds with both aromaticity and non-aromaticity that was not obtained from 




2.1 Coal sample analyses 
Low-rank coal used in this study was Mukah Balingian (MB) Malaysian coal. The coal was 
pulverised to less than 212 μm and dried in a vacuum oven at 100°C overnight to remove inherent 
moisture. Table 1 shows the characteristics of MB coal. 
 









*By difference           #Fixed carbon/Volatile matter 
Ultimate analysis (wt% db) Proximate analysis (wt% db) 
Carbon 60.8 Volatile matter 42.72 
Hydrogen 4.9 Fixed carbon 48.77 
Nitrogen 1.6 Ash content 4.02 
Sulphur 0.2 Moisture 3.08 
Oxygen* 32.4 Fuel ratio# 1.14 
H/C ratio 0.95 Calorific value 24.6 MJ/kg 
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2.2 Liquefaction experiment 
10g of dried coal with 100mL of tetralin were charged in a 300mL high-pressure high-temperature 
















Figure 1 Schematic diagram of reactor system 
 
The temperature and pressure used were 350°C and 4MPa, respectively. Liquefaction experiment 
started with leak-check test, followed by introducing nitrogen into the system and heated to 350°C. After 
reaction time of 30 minutes at desired condition, the reactor vessel was rapidly cooled to room 
temperature in an ice bath. The reactor vessel was depressurised to ambient pressure, and the coal extract 
was washed with tetrahydrofuran (THF) and filtered to obtain coal liquefaction residue (CLR) and crude 
tar. The crude tar was then separated into oil (hexane-soluble), asphaltene (toluene-soluble) and 
preasphaltene (THF soluble) by Soxhlet extraction method. The whole liquefaction process was repeated 
by changing reaction temperature to 420ºC and substituting the solvent with glycerol. For mixed solvent 
system, the temperature was reduced to 400°C and the solvents used were mixture of tetralin and glycerol 
with volume ratios of 50:50, 60:40, 70:30 and 80:20. For this mixed solvent system, reaction time used 
were 30 minutes and 45 minutes in order to evaluate the effect of reaction time on percent of coal 
conversion and products yield using this type of solvent.  
Coal liquefaction residue collected after filtration of coal extracts was dried overnight in vacuum oven 
at 100°C. 
 
2.3 GC-MS analysis of oil  
The oil product was analyzed using gas chromatography-mass spectrometer (GC-MS) Varians 4000 
GC/MS/MS, using column CP8944 30m x 0.25mm x 0.39 mm packed with VF-5ms. The oven 
temperature was raised from 60 to 280°C at constant heating rate of 3°C/min. The components of the oil 
were identified based on the attached library software. 
 
3. Results and Discussions 
 
3.1 Liquefaction experiment 
Liquefaction of MB coal using two different solvent systems was successfully being carried out in a 
300mL batchwise reactor system. The first part of the process involves the usage of single solvent system 
namely tetralin and glycerol, while the second part involves usage of glycerol-tetralin mixture as solvent. 
The mass of oil+gas products were calculated by subtracting the total mass of asphaltene, pre asphaltene 
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and residue from mass of original coal being subjected to liquefaction. The contribution from the gas is 
considered minimal, since the reaction was carried out at temperature of less than 450oC [10]. 
 
3.1.1  Coal liquefaction using single solvent system 
As different solvent differ in efficiency at different temperature, two different temperatures were also 
being used to observe the products yield obtained. Temperatures at 350ºC and 420ºC were chosen 
because they were within the range where mild thermal cracking of cross-linked polymerized coal 
structure occurred leading to formation of extractable pyrolysis products that dissolve in the near- or 
supercritical solvent. The experiment was not performed at temperature above 420ºC because thermal 
reactions above this temperature led to severe pyrolysis of coal substance and polymerization of pyrolysis 
products which further led to formation of gas and coke [10]. Table 2 summarizes coal conversion and 
percent of products yield obtained from coal liquefaction using different solvent system at two different 
temperatures. 
Liquefaction using tetralin at 350°C under 4MPa resulted to low amount of coal conversion at 19.5% 
with 18.5% oil+gas and the remaining were asphaltene and pre asphaltene. Merrick [11] pointed that most 
low rank coals begin to soften at about 350°C. Below this temperature, no bond breaking between 
covalent cross-linkages of aromatic nuclei was observed which is responsible for low amount of coal 
conversion. This phenomenon was also being reported by Karaca et. al. [12] during liquefaction of 
Turkish lignites, in which at 350°C and above, both bond cleavage reactions of lignite and pre-
asphalthene began to occur simultaneously. Therefore, thermal decomposition is required to assist this 
process. This explains the reason for an increment in coal conversion and oil yield being observed at 
420°C with conversion of coal reaching a high of 85%, with percent of oil+gas, asphaltene and 
preasphaltene at 75.1%, 5.1% and 4.8%, respectively as shown in Table 2. These results showed that an 
increasing in temperature has a significant effect on coal conversion and products yield in coal 
liquefaction using tetralin. Similar trend was also being observed by other studies on coal liquefaction 
[2],[4],[5],[13]. Utilizing high temperature indeed enhances coal conversion and percent of product yields 
as higher temperature promote conversion of asphlatene and preasphaltene to oil [12]. 
Likewise, liquefaction of coal using glycerol at 350°C gave comparable amount of coal conversion 
with that of tetralin at 20.0% (see Table 2). However, as the liquefaction temperature increases to 420°C, 
a high increase in the weight of residue with traces of asphaltene and preasphaltene being obtained. This 
observation might be due to re-polymerisation of the glycerol due to insufficient amount of hydrogen 
radicals being generated in the system together with retrogressive reaction of the coal that tends to 
dominate at higher temperature. This result indicated that glycerol alone is less suitable to be used in coal 
liquefaction at high temperature of 420°C. Furthermore, liquefaction behaviour of Spanish bituminous 
coal revealed that at high temperature with long reaction time had caused huge amount of free radicals 
being generated at very high speed. Hence, combination reaction among the free radicals will occur if the 
hydrogen is not sufficiently present causing to a high increased in polymerised solid residue [14].  It is 
most likely that similar reaction has occurred during liquefaction of coal with glycerol as solvent. 
Moreover, Sakaki et. al. [15] pointed that hydrogen donor solvent sometimes undergo unwanted side 
reaction causing loss in donor capacity and ultimately loss of solvent. Without solvent donor in the 
system, thermal decomposition of the coal through pyrolysis predominates and this in turn promotes 
resolidification or repolymerisation producing char [14].  Thus, it seems that glycerol might undergo 
unwanted dimerisation side reaction causing its content in the reactor to be reduced significantly, thus 
producing a high weight of polymerised residue with traces of asphaltene and preasphaltene. 
Nevertheless, high temperature is needed to provide thermal cleavage for fragment of coal [16].  
Therefore, an attempt to mix the two solvents was made and the coal liquefaction was carried out at 
moderate temperature of 400°C. This temperature was chosen as liquefaction using glycerol alone at this 
temperature produces less polymerised residue with comparison to that of 420°C.  
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3.1.2  Coal liquefaction using mixed solvent system 
In general, the results shown in Table 3 reveal that supplementation of tetralin with glycerol has a 
positive effect on coal conversion in comparison to that of using glycerol alone. The usage of tetralin-
glycerol mixed solvent at 400°C with ratio of 50:50 showed an increment in coal conversion achieving at 
42.6% with percent of oil+gas, asphaltene and preasphaltene at 25.7%, 6.9% and 10.0%, respectively.  
Further attempt to increase the tetralin-glycerol mixed ratio was carried out at the same condition in order 
to evaluate this mixed solvent ability as hydrogen donor solvent in coal liquefaction process. Tetralin 
portion was increased to supply sufficient hydrogen to cap free radicals at high temperature as glycerol 
lacks of this donating property.  Based on the results obtained, an addition of tetralin to glycerol mixed 
solvent system increases the coal conversion and oil+gas yield with the highest conversion at 72.8% 
being obtained with solvent mixed ratio of 70:30 at 30 mins of reaction time. The highest oil+gas yield of 
50.3% however was obtained when liquefaction was performed at 80:20 ratios. 
By employing the similar reaction condition with increasing reaction time to 45 mins, a slight 
increased in coal conversion at 73.4% was observed as shown in Table 4. Nonetheless, the percent of 
oil+gas yield obtained was below 30% with asphalthene and pre asphaltene increased to about 20-30% 
yield. Furthermore, the 50:50 solvent ratios produced polymerised residue with fairly amount of 
asphaltene and pre-asphaltene. Apparently, by increasing the reaction time has an adverse effect on 
percent of oil+gas yield with increasing high molecular asphaltene and pre-asphaltene content. This 
observation might due to the possibility of cross-linking reaction between low molecular weight molecule 
fractions forming high molecular weight fractions causing the oil+gas yield to reduce significantly. 
Likewise, at 50:50 mixed solvent ratios, retrogressive reactions tend to predominate with high 
polymerised residue being obtained. Therefore, it is suggested that the suitable tetralin-glycerol mixed 
ratio for liquefaction of MB coal is 70:30 at 30 minutes reaction time.   
 

























Products Yield (%) 
Oil+gas Asp. Pre Asp. 
Tetralin 350 19.5 18.5 0.5 0.5 
420 85.0 75.1 5.1 4.8 
Glycerol 350 20.0 11.2 1.1 7.7 









Products Yield (%) 
Oil+gas Asp. Pre Asp. 
50T:50G 
400 30 
42.6 25.7 6.9 10.0 
60T:40G 63.8 32.5 18.5 12.8 
70T:30G 72.8 41.6 10.0 21.2 









Products Yield (%) 
Oil+gas Asp. Pre Asp. 
50T:50G 
400 45 
                  Polymerised residue 
60T:40G 71.0 22.6 17.6 30.8 
70T:30G 73.4 22.1 20.7 30.7 
80T:20G 69.5 22.6 18.4 23.4 
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3.3 GC-MS analysis of oil liquid 
The focus of this section was to analyze the oil (hexane soluble) obtained from the liquefaction 
process.  Apparently, the oil showed a complicated mixture with more than 30 compounds being 
identified through the library software. 
The qualitative GC-MS analyses of oil fraction of below 200°C indicated different types of oil 
component produced when different solvent system was used. The chromatogram in Figure 2 (a) showed 
that liquefaction using tetralin produced oil components of mainly aromatic and cyclic alkanes. This 
supports the fact that alkanes derivatives from coal were readily released in tetralin. When glycerol was 
used as liquefaction medium, the oil components were mainly consist of polar compounds like alcohol 
and ketones of small quantity as revealed in Figure 2 (b). Interestingly, when tetralin-glycerol mixed 
solvent was used, the oil obtained contained mainly mixtures of aromatic and cyclic alkanes, and polar 
compounds as depicted in Figure 2 (c). In fact, many new compounds that were not present in the oils 
produced using tetralin and glycerol alone, were observed using the mixed tetralin-glycerol as solvent 
system. Hence, this observation proves that the mixed solvent tetralin-glycerol has synergistic effect 
during coal liquefaction that eventually produced many new compounds of high interest that should be 

































Figure 2 (b) GC-MS spectrum of oil from MB coal using glycerol as liquefaction medium. 

















Figure 2 (c) GC-MS spectrum of oil from MB coal at 400°C and 70:30 tetralin:glycerol 
 
3. Conclusions 
This study reveals the potential of glycerol-tetralin mixed solvent system to be used in direct 
liquefaction of Mukah Balingian low rank coal. Usage of glycerol alone as liquefaction medium at 420°C 
was found to be unsuitable because of high molecular weight residues being produced.  This observation 
might due to retrogressive reaction of coal at high temperature and re-polymerisation reaction of glycerol 
due to insufficient amount of hydrogen donor present in the system. Supplementation of tetralin into 
glycerol shows positive effect towards coal conversion and percent of product yields in comparison to 
usage of glycerol alone. Interestingly, GC-MS analysis of oil using tetralin-glycerol mixed solvent system 
revealed many new alkanes and polar compounds were present that could not be achieved with tetralin 
dan glycerol as an individual single solvent system. 
Acknowledgements 
The authors would like to thank Ministry of Higher Learning Education Malaysia for funding the 
research (Grant No.: 600-RMI/FRGS 5/3 (21/2012) 010000120016) and Universiti Teknologi MARA. 
   
References 
[1] Wei, X., Ogata, E., Zong, Z., Zhou, S., Qin, Z., Liu, J., Shen, K. and Li, H. (2000). Advances in the study of 
hydrogen transfer to model compounds for coal liquefaction. Fuel Processing Technology, 62, 103-107. 
 
[2] Şimşek, E.H., Karaduman, A. and Olcay, A. (2001). Liquefaction of Turkish coals in tetralin with microwaves. 
Fuel Processing Technology, 73, 111-125. 
 
[3] Shui, H., Cai, Z. and Xu, C. (2010). Recent advances in direct coal liquefaction. Energies, 3, 155-170. 
 
[4] Sangon, S., Ratanavaraha, S., Ngamprasertsih, S. and Prasassarakich, P. (2006). Coal liquefaction using 
supercritical toluene-tetralin mixture in a semi-continuous reactor. Fuel Processing Technology, 87, 201-
207  
 S.N. Ali et al. /  Energy Procedia  52 ( 2014 )  618 – 625 625
 
[5] Li, H., Hu, H., Jin, L., Hu, S. and Wu, B. (2008). Approach for promoting liquid yield in direct liquefaction of 
Shenhua coal, Fuel Processing Technology, 89, 1090-1095. 
 
[6] Ishak, M.A.M., Ismail, K., Abdullah, M.F., Kadir, M.O.A., and Mohamed, A.R., (2005). Liquefaction of 
Malaysian coal via High-Pressure High-Temperature Batch-Wise Reactor System, Coal Preparation 
Journal, Vol 25, 221-237. 
 
[7] Ghani, Z.A., Ishak M.A.M and Ismail, K. (2011). Direct liquefaction of Mukah Balingian low-rank Malaysian 
coal : optimization using response surface methodology (RSM). Asia-Pacific Journal of Chemical 
Engineering, Vol 3, Issue 2, 481-487 
 
[8] Hájek and Skopal (2010). Treatment of glycerol phase formed by biodiesel production. Bioresource Technology, 
101, 3242-3245. 
 
[9] Wolfson, A., Dlugy, C., Shotland, Y. and Tavor, D. (2009). Glycerol as solvent and hydrogen donor in transfer 
hydrogenation-dehydrogenation reactions. Tetrahedron Letters, 50, 5951-5953. 
 
[10] Wilhelm, A. and Hedden, K. (1986). A non-isothermal experimental technique to study coal extraction with 
solvents in liquid and supercritical state. Fuel 65(9), 1209-1215.  
 
[11] Merrick, D. (1984). Coal combustion and conversion technology, Energy Alternative Series. London and 
Basingstoke: Macmillan Pub.Ltd., 168-230. 
 
[12] Karaca, S., Ceylan, K. and Olcay, K. (2001). Catalytic dissolution of two Turkish lignites in tetralin under 
nitrogen atmosphere: effects of the extraction parameters on the conversion. Fuel, 80(4), 559-564 
 
 
[13] Huang, L. and Schobert, H.H. (2005). Comparison of temperature conditions in direct liquefaction of selected 
low-rank coals. Energy & Fuels, 19, 200-207. 
 
[14]  Rodriguez, A.M., Chomón, M.J., Caballero, B., Arias, P.L. and Legarreta, J.A. (1998).  Liquefaction behaviour 
of Spanish subbituminous A coal under different conditions of hydrogen availability. Fuel Processing 
Technology, 58(1), 17-24. 
 
[15] Sakaki, T., Shibata, M., Adachi, Y. and Hirosue, H. (1994). Supercritical fluid extraction of coal under pyrolysis 
conditions. Fuel, 73(4), 515-520. 
 
[16] Wang, Z., Shu, H., Zhu, Y. and  Gao, J. (2009). Catalysis of SO42-/ZrO2 solid acid for the liquefaction of coal. 
Fuel, 88, 885-889. 
 
 
 
 
